Up to 4.9 W peak output power at room temperature and 61.5 W at 180 K were observed from photoluminescence of a PbSe/PbSrSe multiple-quantum-well ͑MQW͒ structure grown by molecular-beam epitaxy. Our theoretical calculation indicates that the lifted degeneracy of quantum-well structures on ͗111͘ orientation provides higher modal gain. This plus the improved epitaxial material quality of MQWs contribute to the high output power. The observed output powers are much higher than those of reported light emission of IV-VI lead salt materials. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1540238͔ Narrow band gap IV-VI lead salt semiconductors have applications in midinfrared ͑mid-IR͒ light emitting and detecting devices.
Narrow band gap IV-VI lead salt semiconductors have applications in midinfrared ͑mid-IR͒ light emitting and detecting devices. 1 For light emitting devices IV-VI materials offer several advantages. First of all, Auger coefficients are typically in an order of magnitude smaller 2, 3 than those in type-II quantum wells ͑QWs͒, which are in turn significantly suppressed in relation to the other III-V and II-VI semiconductors with the same energy gaps. 4 Second, much lighter electron and hole masses lead to further reduction of the lasing thresholds. Previously these have enabled lead salt lasers to set and maintain the records for maximum operating temperatures for both pulsed and cw operation. In addition, they also provide advantages of easy tuning. For example, the emission wavelength of PbSnSe QW could be easily tuned by Sn composition from 3.5 to 10 m with high reproducibility. This is much more user-friendly to deliver lasers at required wavelengths. For a number of years, lead salt diodes have been the only commercially available semiconductor mid-IR lasers. Their performance remains far from that desired, however, because of the low operating temperatures and low efficiencies. Single-mode output powers are typically р1 mW even at 77 K. There is also a tendency toward multimode operation and mode hopping. Lasing thresholds are significantly increased by the fourfold degeneracy of the L-valley conduction and valence band extrema. Quantum confinement does not lift the degeneracy in edgeemitting QW devices, since the four valleys remain symmetric for the ͑100͒ growth that must be employed to allow for the cleaving of laser cavities. This prevents the full exploitation of what is perhaps the greatest advantage of IV-VI laser materials for high-temperature and long-wavelength operation, namely the threshold reduction that results from a low nonradiative recombination rate.
We have proposed and demonstrated IV-VI VCSELs on ͗111͘ BaF 2 substrate that could solve the earlier-mentioned problems. 5 Such VCSELs have obtained near-roomtemperature pulsed operation, 300 mW output power, and threshold density as low as 10.5 kW/cm 2 . 6 We also obtained above-room-temperature pulsed emission. 7 Although the 300 mW peak output power at 250 K was a record high for IV-VI lasers some nonsensing applications require output powers higher than 1 W at thermal-electrically cooled temperatures. For IV-VI lead salt materials, questions of whether they could generate such high power remained open.
In this letter we report high intensity photoluminescence emission from PbSe/PbSrSe multiple-quantum-well ͑MQW͒ structures. The maximum observed peak emission is 4.9 W at room temperature and 61.5 W at 180 K in the pulsed mode. The emission peaks are at wavelengths 4.11 and 5.10 m at room temperature and 180 K, respectively.
The PbSe/Pb 0.97 Sr 0.03 Se MQW structure was grown on ͗111͘ BaF 2 substrate by molecular-beam epitaxy using compound sources for PbSe and elemental sources for Sr and Se as reported previously. 5 The structure consists of ͗111͘ BaF 2 substrate, buffer layer of Pb 0.97 Sr 0.03 Se ͑217 nm͒ and 20 periods of PbSe (22 nm)/Pb 0.97 Sr 0.03 Se (22 nm).
The sample was optically pumped by a 1.064 m Nd:yttritium-aluminum-garnet laser ( pulse Ϸ5 ns, 10 Hz͒ on a spot of 1.2 mm in diameter. The emission from the sample was measured with an IFS 66/S spectrometer in StepScan mode using an InSb detector. Emissions were measured at different intensity of pumping and at different temperatures. The power was calibrated by a standard blackbody reference source whose emission energy at certain temperature and blackbody field of view is provided by the manufacturer.
To calibrate the power of the emitted light the angular dependence of emission has been considered. The overall shape of the emission spectrum may be determined by the gain spectrum of amplified spontaneous emission ͑ASE͒ and the interference patterns that are similar to the transmission spectrum with gain as shown in the following equation:
where T is the power transmission coefficient. G 0 is the ASE power gain that is determined by the material gain and the geometric parameters of the sample. R 1 At high pumping level, the gain term dominates and the spontaneous emissions are roughly equal in all directions. At low pumping level when the gain is small, the interference patterns, as shown in Fig. 1 measured by the transmission of normal incidence, could greatly affect the emission spectra. As can be seen from Fig. 1 , no interference patterns were observed from the photoluminescence ͑PL͒ spectra. This indicates that either the gain is high enough to dominate or the interference patterns became insignificant because of the narrow linewidths of the PL spectra. To carefully calibrate the total emission power, we have performed an experiment by collecting emissions at different angles while keeping the other conditions the same. The experiment showed that the emission power from the sample is almost equal from 0°to 70°and decreases thereafter. The collection optics of the spectrometer includes a parabolic mirror, which sustains a solid angle of 0.0194 steradians about the sample. Considering as a conservative value that emission occurs only through an angle Ϫ75°to ϩ75°, the emission collected by the spectrometer is 4.63% of the total emission. Figure 2 shows the calibrated output powers of PL emissions at room temperature and at 250 K with different pumping intensity on a spot of 1.2 mm in diameter on the sample. The maximum peak output power observed is 4.9 W at room temperature and 17.18 W at 250 K with peak pumping power of 122 and 73.5 kW, respectively. length of 5.4 m. Compared to the other reported light emissions of IV-VI lead salt materials the peak output power is exceptionally high and with only a single peak in the wavelength range 2.5-6.25 m. The linewidths of emission at room temperature and at 250 K are 0.108 and 0.073 m, respectively. The slope efficiency of the light-light curve became smaller as the temperature increases but no gain saturation was observed in the pumping range.
We attribute this high emission power to the growth along ͗111͘ orientation. First of all, growth in ͗111͘ orientation offers the advantage of easy dislocation gliding that leads to superior material quality compared to that in ͗100͘ orientation. 1 Second, the lifted degeneracy of a QW structure along ͗111͘ orientation provides higher gain than ͗100͘ orientation at the same levels of carrier injection. Figure 4 shows the simulated gain curves for ͗100͘ and ͗111͘ orientations according to the gain calculations 9 done along ͗100͘ and considering same equation for ͗111͘, but with one L-valley instead of 4. As can be seen from Fig. 4 , with the lifted degeneracy for structures on ͗111͘ orientation, lead salt QW structures along ͗111͘ generate higher gain compared to structures along ͗100͘. Although this calculation using the gain expression of bulk material is not as accurate as a direct simulation of gain in a lead salt QW structure ͑whose gain expression is not available͒, it gives insights as to why we expect ͗111͘ orientation to provide higher gain. With the lifted degeneracy for structures on ͗111͘ orientation, only the valley along ͗111͘ is filled. This causes the quasi-Fermi levels to separate more from the band edges. This in turn lowers the threshold and increases the gain, as the Fermi energies are in the exponential term of the gain equation.
In conclusion, we have demonstrated high output powers of light emission from a PbSe/PbSrSe QW structure. The growth along ͗111͘ orientation improves material quality and provides higher gain. These results clearly show that IV-VI QW structures are capable of generating high power. We envision that the IV-VI QW VCSELs we developed on ͗111͘ BaF 2 substrate could also produce high power output for applications such as countermeasures.
